ABSTRACT Besides well-known phase-locked loops, frequency-locked loops (FLLs) are applicable to grid synchronization for grid-tied power converters. The models, principles, and algorithm structures of existing notch filter-based single-phase FLLs are often described with different theories in previous studies. Consequently, a theoretically unified understanding and further advancements of such type of FLLs are restricted. This paper reinvestigates notch filter-based single-phase FLLs and develops a generalized design framework for such types of FLLs. The model derivations of the FLLs are made uniformly via the Popov's model reference adaptive control theory, in order to achieve the theoretically unified understanding. Three major contributions are received in this paper. First, a family of FLLs is derived, and existing seemingly different FLL designs are accordingly developed into a family of homologous FLLs. Second, the performance differences between the FLLs in the whole family are evaluated and compared quantitatively from the algorithm structure point of view, in terms of stability, convergence speed, and harmonic suppression capability. Finally, an enhanced single-phase FLL (named the 1φ-EFLL) is recommended by the family of the homologous FLLs. The designs and the performance evaluations are verified by both simulations and experiments.
I. INTRODUCTION
Single-phase power converters are drawing increasing attention in emerging power conversion applications such as the single-phase grid integration of small-capacity photovoltaic power stations [1] , [2] . The estimation of phase, frequency, and magnitude of the grid voltage is indispensable for the control of grid-tied power converters. Both phase-locked loops (PLLs) [3] - [5] and frequency-locked loops (FLLs) [6] - [17] are applicable to such applications.
As one of the most popular grid synchronization techniques, PLLs have been extensively studied previously. The feedback variable in PLLs is often the estimated phase-angle. In contrast to PLLs, FLLs usually use the estimated frequency as a feedback variable. Growing interest has been directed to FLLs as another breed of grid synchronization techniques, which include notch filter-based FLL [6] - [11] , limit cycle oscillator-based FLL [12] , [13] , linear Kalman filter-based FLL [14] , consecutive sample-based FLL [15] , moving window filter-based FLL [16] , moving-window discrete Fourier transform-based FLL [17] , etc. Since notch filter-based FLL possesses low complexity and good harmonic suppression capability [6] , [7] , it has attracted increasing attention. This study is focused on notch filter-based FLL, which is comprised of a notch filter module and a frequency adaptive loop (FAL) module, as shown in Fig. 1(a) .
The earliest single-phase notch filter-based FLL, namely the adaptive notch filter (ANF), was proposed by Rao and Kung [9] . Hsu and Ortega [10] and Mojiri and Bakhshai [11] presented several modified versions of the ANF. Later, the concept of generalized integrator (GI) and that of sequence filter (SF) were proposed by Zmood and Holmes [18] and Yuan et al. [19] for improving power converter current control performances to address balanced and unbalanced conditions, respectively. Afterwards, Rodriguez et al. [20] developed the second-order GI (SOGI)-based quadrature signal generator (SOGI-QSG) by introducing a feedback path into the SOGI. The FAL module was utilized in dual SOGIs (DSOGI), forming the DSOGI-FLL for the three-phase grid synchronization. Also, three ANF modules are utilized to extract the symmetrical components of the three-phase grid voltage in [21] . In [22] , an adaptive QSG (AQSG) was derived by G. Escobar via the Lyapunov's model reference adaptive control (MRAC) theory to estimate the positive and negative sequence components. Since the ANF or SOGI-QSG incorporated with a FAL can accurately extract both the fundamental and specific harmonic signals, References [23] and [24] developed advanced algorithm structures using multiple ANF/SOGI-QSG modules (MANF/MSOGI) in parallel to eliminate specific-order harmonics, as shown in Fig. 1(b) . Moreover, the secondor even n-order SOGI-QSG (n-SOGI) in cascade, as shown in Fig. 1(c) , was developed in [25] - [27] to alleviate the effects of both sub-harmonics and DC offsets in the input voltage on steady-state performance. Recently, a simple approach was proposed in [28] to achieve specific-order harmonic cancellation where a comb filter with one SOGI-QSG unit (CF-SOGI) instead of multiple parallel ones was presented.
With the development of notch filter-based FLLs, the FLL algorithms are gradually improved from the basic structure to advanced parallel/cascaded ones, achieving improved performance to address polluted grid voltage conditions. Lately, the FAL module was interpreted as a gradient estimation (GE) algorithm, and a family of GE algorithms were developed in [29] . In prior studies, the average theorem was often used to investigate the stability of FLLs [10] , [29] . A simple but approximate stability analysis was made in [23] and [24] . Unfortunately, both the stability analyses are not strict owing to the assumption of slow adaption [10] , and therefore some unstable conditions were not indicated, as found in this study.
Despite the continued advancement of such type of FLLs, to the best of the authors' knowledge, some basic problems regarding the models, principles, and algorithm structures of the FLLs remain open. The aforementioned FLLs were developed via various theories, e.g., the state-space theory, the transfer function theory, and the Lyapunov's MRAC theory in [10] , [20] , and [22] , respectively. Unfortunately, the reported design approaches in the literature are not completely capable of addressing each expected option in the FLL design [6] . As a result, a theoretically unified understanding on the FLLs is still absent due to the inconsistency of the applied theories and the inadequacies of the adopted design approaches. Currently, it is not fully clear with respect to the similarity or even equivalence between the FLLs, and consequently: 1) The evolution of the existing FLLs with seemingly different designs to a family are restricted; 2) The performance differences between different FLLs cannot be evaluated completely fairly without a clear understanding to their model similarity/equivalence; 3) It is quite hard to compensate the potential shortages of the existing FLLs and choose one of the most advantageous FLLs for a specific application.
Therefore, it is quite necessary to develop a generalized design framework together with a novel design approach to facilitate a unified understanding of the FLLs for addressing the aforementioned issues. For this purpose, this paper proposes a generalized design framework of single-phase notch filter-based FLLs. In Section II, the ANF/SOGI-FLL are introduced, and then the state-space observer model of the notch filter module as well as its transformation model is derived uniformly. Afterwards, the generalized design framework is developed by regarding the model transformation as one design choice and considering other aspects of design choices. In Section III, the Popov's MRAC approach is employed to design the FAL module, and both the existing and novel FLLs are accordingly derived. In Section IV, the quantitative evaluations on the performance differences between the derived FLLs are conducted comprehensively. The simulation and experimental verifications are made in Section V. Note, again, that the aim of this study is not to propose a novel high-performance FLL, but to reinvestigate and further develop a unified understanding of FLLs in theory.
II. GENERALIZED DESIGN FRAMEWORK OF FLLS A. ANF/SOGI-FLL
The conventional single-phase notch filter-based FLL, i.e., the ANF [21] and SOGI-FLL [20] are shown in Fig. 1(a) . Actually, there is mathematical equivalence between both the FLLs. The transfer functions of the notch filter module are
It can be validated that unity gains are obtained for both D(s) and Q(s) atω point, where the phase shift of D(s) is 0 • whereas that of Q(s) is -90 • . Hence, the same version and quadrature version of the input signal can be obtained in steady states ifω equals the frequency of the input signal. VOLUME 7, 2019 Moreover, the transfer paths of D(s) and Q(s) play the roles of band-pass filer and low-pass filter, respectively. The purpose of the FAL module is to estimate the frequency of the input signal and also to provide feedback to the notch filter module. The FAL operating principle is often explained with frequency characteristic curves in the bode diagram [20] . However, bode diagram is just a steady-state system characteristic description. Hence, the explanation in [20] is approximate. This study makes a rigorous and unified model derivation applying the MRAC theory.
B. OBSERVER MODEL AND TRANSFORMATION
The steady-state input voltage signal can be denoted as v α = U cos ϕ where U represents the voltage amplitude, ϕ = ωt + ϕ 0 represents the voltage phase, ω represents the frequency, and ϕ 0 represents the initial phase. Define a virtual signal as v β = U sin ϕ, and thus the steady-state voltage model is described as follows,
On one hand, the phase ϕ cannot be computed directly according to (4) since v β is just a defined virtual signal. The autonomous system represented by (3) is observable if its output is defined as v α . Hence, a state observer can be designed to estimate the virtual signal v β . On the other hand, the frequency ω can be regarded as an unknown parameter considering that the grid frequency deviates from the rated frequency under abnormal conditions. The object of the FAL is exactly to conduct the frequency estimation.
Note that both the observer and FAL can be designed directly based on (3), but ω dominates both the rows of the state matrix, which may complicate the design of the FAL. A transformation model is obtained as follows,
where u β = v β ω 0 /ω represents the new state variable replacing the original one v β , = ω 2 /ω 0 represents the new frequency-dependent unknown parameter, and ω 0 represents the rated frequency.
The voltage models (3) and (5) are named as the original voltage model (OVM) and transformed voltage model (TVM), respectively. For the OVM, the corresponding observer is designed as follows, wherex 1 denotes the estimated state vector, e 1 denotes the observation error, A 1 is the state matrix of the OVM (3),Â 1 is the estimated state matrix whereω is the estimated frequency, H 1 is the feedback matrix where h > 0 denotes the feedback coefficient, and C 1 is the output matrix. The corresponding error equation for (6) is written as follows,
For the TVM, the corresponding observer is designed as,ẋ
wherex 2 denotes the estimated state vector, e 2 denotes the observation error, A 2 is the state matrix of the TVM (5), A 2 is the estimated state matrix whereˆ is the estimated frequency-dependent parameter, H 2 is the feedback matrix, and C 2 is the output matrix. The corresponding error equation for (8) is written as follows,
From the input voltage v α to the estimated voltagev α , the transfer function is derived as D (s) =v α v α = hs s 2 + hs +ω 2 . By comparison with (1), it is supposed to set h = kω. With such condition, the bandwidth of D(s) as a band-pass filter is
in the log scale. From (10), it is found that ω b is irrelevant toω [23] . This benefit simplifies the feedback coefficient tuning for different grid frequency conditions. On the basis of the two observer models, the holistic view of the FLL system is depicted in Fig. 2 . The Calc. module consists of the calculations of the magnitude and phase, including:Û Besides, the FAL modules corresponding to the OVM and TVM are expressed as follows (designed in Section III),
It is noted that both (13a) and (13b) can be designed from the TVM. The diagrams of three FLLs are shown in Fig. 3 in detail. It can be found that the observer modules are able to play the role of notch filter.
It is worth noticing that The TVM-based FLL in Fig. 3 
C. PROPOSED GENERALIZED DESIGN FRAMEWORK
The model choice between the OVM and TVM can be regarded one design choice in the FLL design. In addition, there are other aspects of design choices in the FLL design. For instance, both (13) and (13) are able to achieve the goal of FAL. It is necessary to take as many design choices as possible into account, in order to further improve existing FLLs for advantageous performance.
In this study, a generalized design framework of FLLs is proposed. A total of four kinds of design choices are incorporated in the design framework: 1) Model choice between the OVM and TVM.
2) Adaptive parameter choice between ω and . Note that this choice is for the TVM only.
3) Type choice of FAL between integral regulator-based FAL (I-FAL) and proportional integral regulator-based FAL (PI-FAL).
The former one, i.e., I-FAL, has been presented in the ANF/SOGI-FLL [20] , [21] . In this study, both I-FAL and PI-FAL are available in the FAL design by using a novel design approach. 4) Structure choice of FAL among the basic, parallel, and cascaded structures of notch filter. By synthetizing these four kinds of design choices, the generalized design framework is formed, as shown in Fig. 4 . The design alternatives/options can be chosen from 1) to 4), and then the FLL can be designed through the proposed design approach (see Section III). As a consequence, a family of homologous FLLs are derived. For instance, the combination of ''TVM + ω + I-FAL + Basic'' is exactly the same as the ANF/SOGI-FLL in [20] and [21] , and the combination of ''TVM + + I-FAL + Basic'' is the same as the singphase version of the FLL in [22] . All the derived FLLs from the generalized design framework is summarized in Table 1 , where the fourth kind of design choices are omitted for saving space. The FLLs with the label ''z'' represent the new derivative FLLs, which were not reported previously.
III. DESIGN APPROACH OF FALS
The notion of MRAC is used to design a FAL based on both the voltage models and observer models. There are two commonly used approaches to design adaptive laws in the MRAC [30] : the Lyapunov's MRAC approach (Lyapunovbased approach for short) and Popov's MRAC approach (Popov-based approach for short). Generally, there are difficulties in finding an appropriate Lyapunov function candidate in the Lyapunov-based approach [22] . Therefore, the Popovbased approach offering a simple prototype is used in this study. Note that the stability in the sense of Popov is referred to as the hyperstability [31] .
Since the Popov hyperstability is global stability [31] , it necessitates only one equilibrium point in one steady state. The estimated parameterω orˆ in the FAL module can be regarded as an extra state variable of the FLL system. If ω is regarded as the adaptive parameter regardless of the other chosen design options, then there will exist two equilibrium points in one steady state. However, there will be only one equilibrium point if instead of ω is considered, as given by
The second equilibrium point in (14) and (15b) can be eliminated withω ≥ 0 (it can be easily satisfied in the software implementation). Therefore, an absolute operator should be added to the output of the FAL so as to result in only one equilibrium point.
A. TVM-BASED FLL DESIGN
The Popov-based approach is often conducted through the nonlinear isolation of error equation, by which the error equation (9) is divided into two terms. The first term (A 2 -H 2 C 2 ) e 2 is linear, located in the forward path, whereas the second one A 2 −Â 2 x 2 = ˆ − û β B 2 is nonlinear, located in the feedback path, as shown in Fig. 5, where B 2 = [1, 0] T . The system shown in Fig. 5 is hyperstable if both the conditions are satisfied [31] : 1) the transfer function in the irreducible forward path is positive real; 2) the nonlinear feedback path satisfies the Popov integral inequality:
where v (t) =ṽ α and δ (t) = −ˆ û β , are the input and output of the feedback path, respectively.
The adaptive parameter choice should be made between both the alternatives: ω and , according to the design framework. The latter, i.e., , is chosen firstly. The general form of adaptive laws [32] in the MRAC method can be written aŝ
Substituting (17) into (16) gives rise to
Then, taking 1 = −k iṽαûβ , 2 = −k pṽαûβ , k i > 0, k p ≥ 0 always satisfies the inequality (18) , which yields that
where the last term denotes the initial value. Note that (19) will become an I-FAL if k p = 0 is taken. The actual frequency can be obtained through an inverse transformation
If ω rather than is chosen as the adaptive parameter, (16) can be rewritten as
Ifω ≥ 0 always holds, then the FAL can be redesign aŝ
whereû β =û βω ω 0 , andω 0 denotes the initial value. It is clear that the inverse transformation (20) is eliminated in contrast to (19) , and therefore the FAL (22) is simpler than (19) . Note that the FALs (19) and (22) meet the foregoing hyperstability condition 2). It can be proved that the transfer function in the irreducible forward path is positive real. Therefore, the hyperstability of the FLLs is ensured.
B. OVM-BASED FLL DESIGN
If the OVM is adopted, then
The corresponding FAL is designed aŝ
Unfortunately, it can be proved that the transfer function in this case is not positive real, and hence the corresponding system is not hyperstable.
Three kinds of design choices in the design framework have been involved so far: 1) model choice, 2) adaptive parameter choice and 3) type choice of FAL. The fourth one, i.e., 4) structure choice of notch filter is described as follows.
As indicated in [20] , Q(s) has the gain about k at the point with frequency smaller thanω, which deteriorates the performance of sub-harmonic suppression. Moreover, highorder harmonics cannot be completely eliminated due to the finite gain, and hence oscillations are included in the estimated frequency when high-order harmonics appear in the input signal. To this end, the cascaded structure of notch filter shown in Fig. 1(c) have been proposed in [26] and [27] to address both the DC offset and the sub-harmonics. Moreover, the parallel structure of notch filter shown in Fig. 1(b) have also been developed in [23] and [24] to extract and eliminate specific-order harmonics.
C. CONTROL PARAMETER TUNING
The designed FLLs contain significant parameters such as k, k p and k i . In fact, k > 0, k p ≥ 0, and k i > 0 can ensure the stability of the FLL systems. Still, the parameters should be tuned carefully in order to achieve desired dynamic performance.
Reference [23] suggested k = √ 2 for a good tradeoff between dynamic response and overshoot. To tune the integral coefficient k i , the vicinity of the steady-state operation of the FLL was considered, and the approximate relationship between the dynamic responses and the voltage amplitude/frequency information and notch filter gain was revealed in [23] . Based on the relationship, an integral parameter expression was suggested as follows [23] ,
where T s denotes the setting time of the FAL, generally set to 1∼5 cycles of the nominal grid condition [23] .
Similarly, considering in the proximity of the nominal grid condition, a directly linearization of the FLL around the steady-state operating point is conducted in [22] , in order to facilitate the parameter tuning. As a result, another integral parameter expression was suggested as follows [22] ,
By comparing (25) with (26), it is found that they are similar. For example, considering the nominal grid condition and taking T s = 2π /ω, it can be obtained that k i in (25) is about twice than that in (26) . Detail parameter tuning processes can be found in [22] and [23] , which are not repeated here. For the proportional coefficient k p , it can be set about 100 times smaller than k i according to practical experience. A trial-anderror process is still suggested in practice.
IV. PERFORMANCE DIFFERENCE EVALUATION
In most of prior studies, performance difference comparisons between various kinds of FLLs are often conducted through case-by-case simulations/experiments. It is undeniable, however, that the effect of unfair regulator parameters cannot be excluded in a limited number of case studies. Actually, the performance differences cannot be clarified completely without a clear unified understanding with respect to the difference or similarity (even equivalence) of the models, principles, and algorithm structures of various FLLs.
Benefiting from the developed theoretically unified understanding of the FLLs, it becomes feasible to completely indicate the inherent performance differences between the FLLs.
The aim of this section is to compare the dynamic performance differences between the homologous FLLs from the same family, due to their intrinsic algorithm structure differences, rather than to design appropriate/optimal parameters for each of the FLLs and then compare their performance differences. In other words, the interest is directed to the FLLs' performance differences affected by their algorithm structure themselves, where the effects of parameters on the performance differences must be unanimous and consistent.
The performance difference evaluation is divided into four parts: model choice, adaptive parameter choice, type choice of FAL, and structure choice of notch filter. Note that the parameters of the FLLs to be compared are set to be equivalent to each other (see Table 5 ), and therefore the performance differences are only affected by the algorithm structures themselves.
A. MODEL CHOICE
The FLLs to be compared are denoted as the ''x + ω + I-FAL + Basic'' where x is OVM or TVM, shown in Fig. 3(a) and (c) [or (d)]. If the multiplierω and the integrator around v β in Fig. 3(a) are swapped, Fig. 3 (a) will become Fig. 3(c) . The seemingly small difference leads to a quite wide difference on the system stability. The OVM-based FLL is unstable whereas the TVM-based FLL is stable. Actually, it is requisite to ensure the asymptotic stability rather than only stability in practice. It can be easily demonstrated that the asymptotic stability of the TVM-based FLL can be ensured except at the special equilibrium point (v α , v β , ω) = (0, 0, 0). Also, it can be proved that the asymptotic stability of the OVM-based FLL cannot be guaranteed.
In terms of convergence speed of both the FLLs, there is little difference since ω is adopted as the adaptive parameter in both the FAL modules. Moreover, in terms of harmonic suppression capability, there are few differences. In fact, both the observer modules, i.e., the notch filters, are equivalent to each other due to the equivalence between (3) and (5).
B. ADAPTIVE PARAMETER CHOICE
It is noted again that this design choice is for the TVM only. Hence, the FLLs to be compared are denoted as the ''TVM + x + I-FAL + Basic'' where x is ω or , shown in Fig. 3(c) and (b) , respectively. The FLL ''TVM + + I-FAL + Basic'' is always stable whereas the FLL ''TVM + ω + I-FAL + Basic'' is conditionally stable withω ≥ 0. In terms of convergence speed, an extra inverse transformation (20) is required to produce the original frequency, which yields thatω
whereω is about half of˙ whenˆ ≈ ω 0 . Consequently, the convergence speed of the FLL in Fig. 3(c) is faster than that in Fig. 3(b) under the condition that the regulator parameters are the same. VOLUME 7, 2019
C. TYPE CHOICE OF FAL
The FLLs to be compared are denoted as the ''TVM + ω + x + Basic'' where x is I-FAL or PI-FAL. It is clear that the PI-FAL can improve the transient response speed of frequency estimation in contrast to the I-FAL with the same regulator parameters. However, the transient process may become longer due to the introduced oscillation by the proportional unit. The proportional parameter should be carefully tuned in practice for satisfactory performance.
D. STRUCTURE CHOICE OF NOTCH FILTER
The FLLs to be compared are denoted as the ''TVM + ω + I-FAL + x'' where x is Basic, Parallel or Cascaded. Given that the FLL with the basic structure of notch filter is nonasymptotically stable at the sole point (v α , v β , ω) = (0, 0, 0), the advanced FLLs with multiple basic structures in parallel or in cascade are also non-asymptotically stable at the point. When it comes to the convergence speed, it can be concluded that: the FLL ''TVM + ω + I-FAL + Basic'' has the fastest speed; the FLL ''TVM + ω + I-FAL + Parallel'' is slightly inferior to the FLL ''TVM + ω + I-FAL + Basic''; the FLL ''TVM + ω + I-FAL + Cascaded'' has the slowest speed. It is because that only specific high-order harmonics are eliminated in the FLL ''TVM + ω + I-FAL + Parallel'' whereas both sub-harmonics and ultra-harmonics are alleviated in the FLL ''TVM + ω + I-FAL + Cascaded''.
E. SUMMARY OF PERFORMANCE COMPARISON
The stability of all the derived FLLs in the family are summarized in Table 2 . A case study is performed to obtain a quantitative convergence speed difference evaluation. Set v α = cos(ωt) where ω = 50 × 2π rad/s in a steady state. Set k = 1.41 [23] , k i = 3.0 × 10 4 considering T s ≈ 0.02 s according to (26) , and k p = 750 after a trial-and-error process. For all the FLLs to be compared, the fixed parameters instead of the adaptive parameters in (26) are adopted. Accordingly, the use of the consistent and changeless parameters makes the performance differences between the FLLs only affected by the algorithm structures themselves. The estimated frequencies at t = 20 ms and the response times can be calculated through simulations when ω jumps to 55 × 2π rad/s at t = 0 ms, as shown in Table 3 . The qualitative convergence speed comparisons are summarized according to the quantitative numerical differences.
In terms of stability and convergence speed, the previous ANF/SOGI-FLL and AQSG-FLL are not the first-class members in the family according to Tables 2-3 . Hence, it is worth recommending an enhanced single-phase FLL (1φ-EFLL) to compensate the disadvantages of the ANF/SOGI-FLL and AQSG-FLL.
As shown in Fig. 6 , a proportional unit and an absolute operator are added into the FAL module to guarantee the global stability and further improve the convergence speed. Compared with the original ANF/SOGI-FLL, the advantages of the recommended 1φ-EFLL include: 1) The added proportional unit and the pre-existing integral unit can work together to further improve the dynamic performance, since both the units in the proportional-integral regulator could be in coordination with one another in actual practice;
2) The rigorous theoretical proof indicates that the added proportional unit cannot affect the asymptotic stability of the 1φ-EFLL system;
3) In addition to the proportional unit, the absolute operator is also incorporated in the FAL, which is used to ensure the global asymptotic stability of the 1φ-EFLL. In other words, the original ANF/SOGI-FLL without the absolute operator only possesses locally asymptotic stability.
V. SIMULATION AND EXPERIMENTAL RESULTS
Comparative simulations and experiments are conducted to verify the performance difference evaluations. The FLLs are implemented on a dSPACE DS1005 processor board with a fixed 10 kHz sampling frequency. The input singlephase digital signal comes from a DS2004 ADC board. The input of the ADC board can be regarded as the measured single-phase analog grid voltage, which is simulated by the DS2103 DAC board. The experimental setup is depicted in Fig. 7 . The experimental waveforms are captured by a Tektronix MDO3024 oscilloscope connected to the DAC board. For fully focusing on the performance difference verifications of the FLLs, actual power converter devices are not involved in the experimental setup.
The frequency, phase, and magnitude of the input voltage signal are denoted as f , ϕ, and U , respectively. A total of six cases are set to as below: 1) Case I: the input signal step change to zero to verify the asymptotic stability at the point (v α , v β , ω) = (0, 0, 0). 2) Case II: f step -40 Hz and U step -10% to verify the instability of the OVM-based FLL; 3) Case III: f step -5 Hz and U step -10% to verify the convergence speed differences; 4) Case IV: ϕ step +45 • and U step -10% to verify the convergence speed differences; 5) Case V: 0.1 pu intentionally added 2 nd and 3 rd order harmonics appear in the input signal to verify the harmonic suppression performance differences; 6) Case VI: 0.1 pu DC offset appears to verify the DC-offset addressing performance differences; It should be noted that although the above cases may not exactly comply with actual grid operating conditions or the limits specified by international standards, the cases are somewhat reasonable and also self-consistent with the theoretical analysis in Section IV. Furthermore, the conclusions drawn from the simulation and experimental results are general.
The simulation result of Case I is shown in Fig. 8(a) , from which it can be observed that all four types of the FLLs can reach the steady state. However, the estimated frequencies by all the FLLs cannot converge to zero when the input voltage signal changes to zero at 100 ms. The FLLs converge to the correct state when the voltage recovers at 200 ms. The simulation result indicates that the FLLs are not non-asymptotically stable at the special equilibrium point (v α , v β , ω) = (0, 0, 0). The simulation result of Case II is shown in Fig. 8(b) . It can be seen that only the OVM-based FLL cannot converge to the steady state after the input signal changes at 100 ms. The result verifies the potential instability of the OVM-based FLL, which accords with the conclusion in Table 2 . It is clarified the sole point (0, 0, 0) where all the FLLs are non-asymptotically stable, and moreover the OVM-based FLLs are somewhat unpractical due to uncertain stability. The above findings perfect the understanding of the FLL stability.
The performance comparisons in Case III and IV are shown in Table 4 and Fig. 9 . With regard to the model and adaptive parameter choices, the FLL with ''OVM + ω'' and the FLL with ''TVM + ω'' have similar performance [see Fig. 9(a) ], including the rising times, overshoots and setting times. Also, it can be seen that the rising time of the FLL with ''TVM + '' is almost twice those of the other two FLLs, although its overshoot it the smallest. In Fig. 9(b) , it can be seen that the FLL with ''PI-FAL'' has a faster response than the FLL with ''I-FAL''. Nevertheless, the proportional unit leads to a quite large frequency overshoot and setting time. Generally, there should be a tradeoff between the transient response speed and overshoot (or setting time). The parameters k p and k i should be tuned carefully to obtain satisfactory performances in practice. According to the result in Fig. 9(c) , it can be found that the performance of the FLL with ''Basic structure'' is the most outstanding in scenarios where there is no harmonics. In fact, owing to the enhanced filtering effect of multiple notch filters, the advanced structure-based FLLs are more suitable for scenarios with harmonics, but their bandwidths are compromised to some extent.
The experimental results of Cases V and VI are shown in Table 5 and Fig. 10 . When the harmonics are added into the input signal intentionally in Case V, as shown in Fig. 10(a) , there is no harmonic, small harmonics, and large harmonics in the estimated frequencies in the FLLs with ''Parallel structure'', with ''Cascaded structure'', and with ''Basic structure'', respectively. The results verify that the FLL with parallel notch filters has the specific-order harmonic filtering capability. Besides, the FLL with cascaded notch filters is not selective for harmonics. When the DC offset is added into the input signal in Case VI, as shown in Fig. 10(b) , there is no harmonic only for the FLL with cascaded notch filters. Since the FLL is not selective for all subharmonics and ultraharmonics, it can address the DC-offset issue.
The above simulation and experimental results are consistent with the theoretical analysis. Hence, the conclusions from the theoretical analysis are convincing and can be extended to practical operating conditions allowed by international standards. In practice or in experiments with actual power converter devices, the practical operating condition limits must be considered.
VI. CONCLUSION
Instead of proposing a novel high-performance FLL, this paper reinvestigated single-phase notch filter-based FLLs and further developed a generalized design framework, in order to promote the unified understanding and further development of such type of FLLs. A total of four kinds of key design choices are incorporated in the framework. A novel design approach of such type of FLLs has been presented on the basis of the Popov's MRAC approach. Three main contributions have been received in this paper.
1) Thanks to the developed generalized design framework and the novel design approach, a theoretically unified understanding of the FLLs is achieved, and the existing designs of notch filter-based FLLs are generalized. Consequently, a family of notch filter-based FLLs have been obtained and their model relations have been clarified. 2) Among all the derived FLLs, their performance differences in terms of stability, convergence speed, and harmonic suppression capability have been quantitatively evaluated, summarized and verified from the perspective of FLL's algorithm structure. The results can help users customize trustworthy FLLs.
3) The 1φ-EFLL has been recommended considering the global stability and fast dynamic response requirements. Taking the 1φ-EFLL as a base to assemble advanced parallel or cascaded algorithm structures can offer outstanding and satisfactory FLLs. In conclusion, the findings of this study are conducive to integrate and develop the models and algorithm structures of notch filter-based FLLs, and they can also provide useful guidelines for actual applications of such type of FLLs. Besides the application in FLLs, the notch filters developed in this paper can also be used in power converter control, such as sequence component independent control and harmonic filtering.
